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ABSTRACT. Plug-in electric vehicles (PEVs) have been proposed as one of the solutions to reduce
transportation dependency on oil. Nevertheless, if PEVs are introduced as a new load on the
grid without any charging strategy, the grid’s power quality will be deteriorated. Among the
power quality parameters, current and voltage unbalances would be affected. This paper pro-
poses a real-time strategy in order to minimize the current unbalance factor (CUF) caused by
PEVs and housing on a common connection point (CCP) in a residential network. As a conse-
quence of the CUF minimization, the voltage unbalance factor (VUF) is significantly reduced.
The CUF at a CCP is formulated as a function of the loads in-phase and quadrature currents
(PEVs and householders included). This objective function is minimized under maximum rat-
ing and charging priority constraints using algorithm Active-set. The minimization process is a
part of the strategy which consists in adapting the optimization problem in real-time to changing
conditions such as PEV’s arrival and departure times, PEV’s battery capacity variety, a random
initial state-of-charge (SOC) and the householder’s consumption. The strategy was tested on a
low voltage network simulated on Matlab R©/Simulink R©. Results show that the current balance
index is increased more than 400%, the voltage unbalance index is reduced 17% and some of
the CCPs in the electric network simulated, are re-balanced (based on the EN50160 standard’s
definition) thanks to the CUF minimization.

RÉSUMÉ. Les véhicules électriques rechargeables (Plug-in electric vehicles - PEV) ont été pro-
posés comme une des solutions pour réduire la dépendance du transport par rapport au pétrole.

Journal européen des systèmes automatisés – no 3/2016, 271-298



272 JESA. Volume 49 – no 3/2016

Malgré ceci, si les PEV s’envisagent comme une nouvelle charge du réseau sans aucune gestion,
la qualité d’énergie sera dégradée. Parmi les paramètres caractérisant la qualité d’énergie, le
déséquilibre triphasé en courant et en tension seront impactés de façon importante. Cet article
propose une stratégie en temps réel qui cherche à minimiser le taux de déséquilibre triphasé en
courant (Current Unbalance Factor - CUF ) celui-ci étant une conséquence de la consomma-
tion des PEV et des lotissements au niveau de points de connexion commun (Common Connec-
tion Points - CCP) dans un réseau résidentiel. En plus, le taux de déséquilibre triphasé en ten-
sion (Voltage Unbalance Factor - V UF ) est réduit par l’effet de la minimisation du CUF . Le
CUF a été formulé en fonction des courants en-phase et en-quadrature des charges (PEV et Lo-
tissements d’usagers inclus). Cette fonction objective a été minimisée en tenant compte des re-
strictions liées aux usagers et aux PEV telles que la puissance maximale de charge/décharge et
état de charge (State-of-Charge - SOC) maximale au moment du départ. L’algorithme Active-
Set a été utilisé pour résoudre le problème d’optimisation. De plus, la stratégie de minimisation
du CUF consiste à adapter les paramètres d’entrée à l’algorithme d’optimisation en temps réel
en adaptant la réponse de l’optimisateur aux changements des conditions du CCP choisi (ar-
rivée au départ des PEV, SOC initial aléatoire, consommation des usagers). La stratégie a
été simulée dans un modèle de réseau de basse tension sur MatLab R©/Simulink R©. Les résul-
tats montrent que l’index de l’équilibre en courant est augmenté plus de 400% et l’index de
déséquilibre en tension est réduit jusqu’à 17% ; en plus, plusieurs CCP ont été rééquilibrés (en
se basant dans la norme EN50160) grâce à la minimisation du CUF.
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convex optimization
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1. Introduction

Impacts of the plug-in electric vehicle (PEV) on the distribution network have been
studied extensively (Lassila et al., 2012; Turker, Bacha et al., 2012a; Gomez, Morcos,
2003). A high penetration of PEVs in the transportation market in addition to the si-
multaneous usage of charging stations in a low voltage (LV) network (Francfort, 2013)
will increase the peak load, activating polluting sources, the aging rate of distribution
LV transformers, and in general it will deteriorate the power quality of the grid. A low
power quality leads to a less efficient distribution system and consequently, it reduces
the sustainability of the whole power system.

Voltage and current unbalances will be considerably affected by the increasing
number of single phase charging events in the LV network. In (Shahnia, Ghosh et
al., 2013), the Impact of the electric vehicle charging on the voltage unbalance is
illustrated by simulating several scenarios while varying the charging event location,
the market penetration ratio and the charging power level. In (Duvall et al., 2011), the
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impact of the EV charging on the secondary of a MV/LV transformer is evaluated as
a function of the number of EVs connected to the grid.

The authors in (Jayatunga et al., 2012) show that one of the main causes of voltage
unbalance is the current unbalance at a three-phase common connection point (CCP).
Furthermore, current unbalance is a consequence of the load unbalance between the
three phases, and such load unbalance will be importantly affected by a high pene-
tration of PEV loads and the variable number of PEVs connected at any moment, the
random connection and disconnection times, the variety of battery capacities depend-
ing on the PEV’s brand, etc.

At the same time, as presented by (Kempton, Letendre, 1997) for the first time,
the storage characteristics of PEVs could create an added value for the electric net-
work. This distributed energy storage systems (ESS) would improve the regulation
(Sortomme, El-Sharkawi, 2012) as well as it would be essential for the attenuation of
renewable energies intermittence (Hu et al., 2013) and peak-shaving (Wang, Wang,
2013). The concept of using the PEVs as a distributed resource -load and gener-
ation/storage device- by their integration in to the grid is known as vehicle-to-grid
(V2G). A review on the actual state of the research on this topic and its future is
discussed in (Tuttle, Baldick, 2012).

In this paper, a new V2G application is proposed. A real-time semi-distributed
PEV charging strategy is developed for current unbalance minimization under max-
imum charging current and maximum SOC at departure constraints. The strategy
is semi-distributed because the controller is located at the three-phase CCP where
the power is delivered to single phase loads which is less distributed than end-user
based strategies and less centralized than strategies managing PEVs from the substa-
tion level. Such controller will use current and voltage measurements at the CCP as
well as information on the availability of each PEV connected for V2G interactions.
The connection and disconnection times as well as the priority of a high SOC when
leaving the house will determine the availability for V2G as stated by (Mohamed et
al., 2014). The strategy will deliver optimal active and reactive power set-points (P,
Q) for each PEV connected at the CCP in real-time, depending on the time intervals
simulated.

Several solutions for current unbalance reduction have been proposed. In (Shahnia
et al., 2012), the authors have proposed the reduction of the current unbalance in a
medium-voltage distribution network by using single-phase distributed photovoltaic
production. Each PV converter is controlled to work as a varying capacitor in order to
compensate the uncontrollable loads. In (Shahnia, Wolfs, Ghosh, 2013), the authors
have proposed a strategy to control the residential loading in order to reduce the volt-
age unbalance. The ruled-based algorithm proposed controls from the feeder a static
transfer switch located at CCP connecting end-users residences, that will transfer the
residential loads between phases. A rule-based algorithm coordinating PEVs charging
for CU reduction has been proposed in (Fernandez et al., 2013). The main objective
of the algorithm proposed was to cancel out the negative sequence by using only reac-
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tive power delivered from the PEV charger, in order to preserve the battery charging
process.

In (Fernandez, Bacha et al., 2015) and (Fernandez, Hably, Bratcu, 2015) sev-
eral optimization methods have been applied to minimize the CUF . In (Fernandez,
Bacha et al., 2015) the CUF has been formulated as a combinatorial problem where
the decision variables are connection/disconnection signals sent to the PEVs. An
Ants Algorithm Optimization method has been used to reach a fast (compared to an
exhaustive-search method) a good solution (configuration of PEVs connected) for a
minimal CUF , given a scenario where the number of PEV owners at the Low Volt-
age Network is relatively high. In (Fernandez, Hably, Bratcu, 2015), Some results of
applying the real-time CUF minimization strategy while adding a positive profit con-
straint for the PEV owners are presented. By adding this constraint, authors showed
under which scenarios, theCUF minimization strategy would represent an interesting
business model for both PEV owners and the distribution network operator.

In this paper, the CUF is addressed in detail as an optimization problem whose
objective function is given by the current unbalance factor and is minimized using
the sequential quadratic programming method under constraints. Moreover, it is illus-
trated that the voltage unbalance is reduced as consequence of the current unbalance
minimization. It will be shown that the effect is different depending on the character-
istics of the CCP.

The paper is organized as follows: in Section II, the current unbalance factor is
formulated as a function of local PEV variables. Then in Section III, the optimization
problem is described. In Section IV, the real-time minimization strategy is presented.
The simulation environment is illustrated in Section V. The data collected from the
simulation is analyzed in Section VI. In Section VII finally, conclusions and future
work are proposed.

2. Current Unbalance Problem formulation

According to the European standard EN50160 (Markiewicz, Klajn, 2004), a three-
phase CCP like the one in Fig.1 is unbalanced if 95 % of the time during one week,
the measures of the voltage unbalance factor (V UF ) are above 0.02. The V UF is
defined as:

V UF =

∣∣∣∣V2

V1

∣∣∣∣ (1)

In eq.(1), V2 and V1 represent the negative and the positive sequence voltages
respectively, both calculated using the three phase-to-neutral voltages at a CCP. A
V UF measure is an average over 10 minutes of the VUF sampled every 30 seconds.

In addition, according to the standard IEEE 1159-2009 (“IEEE Recommended
Practice for Monitoring Electric Power Quality”, 2009), the samples of the current
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unbalance factor (CUF ) in a three-phase CCP has to be below 30% in steady state.
The CUF is defined as:

CUF =

∣∣∣∣I2

I1

∣∣∣∣ (2)

Similar to the VUF, I2 and I1 represent the negative and the positive sequence cur-
rents respectively, both calculated using the line currents at a CCP. A CUF measure
is an average over 10 minutes of the CUF sampled every 30 seconds.

2.1. Relation between the CUF and the PEVs currents

In this section, the relation between the CUF and the in-phase and quadrature load
currents is presented. Fig.1 illustrates a common scenario of a LV network feeding
a CCP that gathers residential loads including PEVs. It is a three-phase three-wire
system with single-phase phase-to-neutral loads with Ia, Ib and Ic as the line currents.
Each phase-to-neutral voltages is represented by VaN , VbN and VcN respectively.

LV

CCP

Ia

Ib

Ic

MV

VaN

VbN

VcN

Figure 1. Common connection point (CCP) in a LV network

Assuming the network at its sinusoidal steady state, line currents are the linear
combination of their in-phase (identified with the index ‘d’) and quadrature (identified
with the index ‘q’) components as represented in eq.(3) (Fernandez et al., 2013) and
as illustrated on Fig.2. The unitary vectors uxd and uxq are the normalized images of
the in-phase and quadrature components of the phase-to-neutral voltages.

Ia = Iad · uad + Iaq · uaq
Ib = Ibd · ubd + Ibq · ubq (3)

Ic = Icd · ucd + Icq · ucq

According to Fortescue, symmetrical sequence currents are defined as follows:
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Vc,n

Va,n

Vb,n

Ib

Ic

Ia

ucd

ucq
uad

uaq

ubd

ubq

Figure 2. Phasors representation of currents and voltages at the CCP

I1

I2

I0

 =

(
1

3

)
F−1

Ia
Ib
Ic

 (4)

where F =

 1 1 1
a2 a 1
a a2 1

 with a = e2πi/3.

Thus replacing eq.(3) in eq.(4), a relation between the symmetric components and
the in-phase and quadrature components is established. This relation is formulated in
eq.(5) taking into account that ukq = ukd · e−iπ/2 for k = a, b, c.

I1

I2

I0

 =

(
1

3

)1 1 1
1 a a2

1 a2 a

uad 1 1
1 ubd 1
1 1 ucd

 ∗

Iad
Ibd
Icd

+ e−iπ/2

Iaq
Ibq
Icq


In order to simplify the problem and keep the symmetric sequences independent from
loads connected to other CCP’s, the in-phase unitary vectors will be fixed to the values
at perfect balanced voltage conditions as presented in eq.(5). The error produced by
this approximation is described later.

uad = 1, ubd = e2πi/3 and ucd = e4πi/3 (5)

On the other hand, each line current is the summation of the currents of the loads
connected to the corresponding phase. Therefore equations in eq.(3) can be rewritten
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as in eq.(6) where xdj and xqj are the in-phase and quadrature currents of the j-th
PEV out of a group of PEVs. If the j-th PEV is connected to the line a, the j-th PEV
belongs to the group Ca (j ∈ Ca) of PEVs. If the j-th PEV is connected to the line b,
the j-th PEV belongs to the group Cb (j ∈ Cb) of PEVs. And finally, If the j-th PEV
is connected to the line c, the j-th PEV belongs to the group Cc (j ∈ Cc) of PEVs.
IHad , IHbd and IHcd are the summation of all the in-phase currents of the loads, different
from PEVs, connected to each one of the lines a, b and c respectively. IHaq , IHbq and
IHcq are the summation of all the quadrature currents of the loads, different from PEVs,
connected to each one of the lines a, b and c respectively.

Ia =

IHad +
∑

∀PEV j∈Ca

xdj

 · uad
+

IHaq +
∑

∀PEV j∈Ca

xqj

 · uaq
Ib =

IHbd +
∑

∀PEV j∈Cb

xdj

 · ubd
+

IHbq +
∑

∀PEV j∈Cb

xqj

 · ubq (6)

Ic =

IHcd +
∑

∀PEV j∈Cc

xdj

 · ucd
+

IHcq +
∑

∀PEV j∈Cc

xqj

 · ucq

Finally replacing equations eq.(6) and eq.(5) in eq.(5) to assess I1 and I2, it is
possible to define the CUF at a CCP as a function f of the in-phase and quadrature
PEV currents as illustrated in eq.(7) supposing that N PEVs are connected.

Equation (7) allow to minimize the CUF by finding and optimal combination of the
PEV’s in-phase and quadrature currents (x∗dj ,x∗qj ). These currents are used to assess
active and reactive power set-points for each PEV.
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CUF = f
(
xd1 , xd2 , . . . , xdN , xq1 , xq2 , . . . , xqN

)
=





K1 +
∑

∀PEV j∈Ca

xdj − 1
2

( ∑
∀PEV j∈Cb

xdj +
∑

∀PEV j∈Cc

xdj

)

K3 +

∑
∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xdj + xdk + xdl


2

+

K4 +
∑

∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xqj + xqk + xql


2

1/2
+

√
3

2

( ∑
∀PEV j∈Cb

xqj −
∑

∀PEV j∈Cc

xqj

)

K3 +

∑
∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xdj + xdk + xdl


2

+

K4 +
∑

∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xqj + xqk + xql


2

1/2



2

+



K2 −
∑

∀PEV j∈Ca

xdj + 1
2

( ∑
∀PEV j∈Cb

xqj +
∑

∀PEV j∈Cc

xqj

)

K3 +

∑
∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xdj + xdk + xdl


2

+

K4 +
∑

∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xqj + xqk + xql


2

1/2
+

√
3
2

( ∑
∀PEV j∈Cb

xdj −
∑

∀PEV j∈Cc

xdj

)

K3 +

∑
∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xdj + xdk + xdl


2

+

K4 +
∑

∀PEV j∈Ca
∀PEV k∈Cb
∀PEV l∈Cc

xqj + xqk + xql


2

1/2



2

1/2

(7)
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with:

K1 = IHad −
1

2

(
IHbd + IHcd

)
+

√
3

2

(
IHbq − IHcq

)
,

K2 = −IHaq +
1

2

(
IHbq + IHcq

)
+

√
3

2

(
IHbd − IHcd

)
,

K3 = IHad + IHbd + IHcd ,

K4 = IHaq + IHbq + IHcq ,

2.2. CUF function validation

In order to validate eq.(7), two scenarios have been performed to compare the
CUF assessed with eq.(2) against the CUF assessed using eq.(7) under balanced and
unbalanced voltage conditions. In the first scenario, the CCP in Fig.1 is simulated
under perfect balanced voltages; therefore on each phase, the voltage phase-to-neutral
is equal to 230 V and the phase shift between voltages is equal to 120Â◦. In the second
scenario, the CCP under voltage unbalance conditions is part of a LV distribution
network that connects 18 CCPs gathering 96 householders. The network electrical
circuit as well as the transformer and line characteristics are described in Appendix I.

For both scenarios, six residential loads, two per phase, are connected to the CCP.
To simulate random loading conditions active and reactive power values are selected
randomly from a householders database developed in (Turker, Bacha et al., 2012a).
Active power values vary between 0 kW and 9kW while reactive power values vary
between -4 kVAr and 4 kVAr. In total, 507 random tests were simulated for each
scenario.

Fig.3 shows theCUF assessed for each test using equations eq.(2) and eq.(7). The
data is displayed in increasing order. As illustrated, the error between the standard
CUF calculation and the one defined by eq.(7) is significantly small.

Figure 3. CUF assessment under voltage balanced conditions
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Fig.4 shows the V UF assessed at the CCP selected for each one of the tests.
The figure confirms that for some tests the V UF exceeds the maximum V UF (2%)
allowed for a LV network. Under this voltage unbalanced conditions, the CUF is
estimated for each test using eq.(2) and eq.(7) as shown in Fig.5.

Figure 4. V UF for each test. In red the maximum V UF allowed by the EN 50160

As illustrated by Fig.5, the CUF calculated using eq.(7) differs from the established
by IEEE 1159-2009 standard as suggested in the previous section. The maximum
error between the approaches is estimated to be around 4%. The error confirmed by
the tests is the consequence of assuming constant unitary vectors in order to keep
eq.(7). Therefore, eq.(7) diverge from the real CUF with an error when a CCP is
under strong voltage unbalance. The CUF minimization under real conditions will
be affected by an error on the initial conditions given to the optimization method. As
it will be noted in the Results and Discussion section, despite the error, the CUF
minimization reduces considerable both the current and the voltage unbalance. A
more deeper analysis on the effects of this error on the CUF minimization strategy is
beyond the scope of this paper and will be addressed in future studies.

Figure 5. A comparison between the CUF assessed with eq.(2) and the CUF
assessed with eq.(7) under voltage unbalance conditions
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2.3. PEV Load

As stated by (Nemry et al., 2009), several recharging levels for PEVs have been
proposed regarding the charging speed and the power driven. Level 1 stands for slow
charging, level 2 stands for two semi-fast charging and the level 3 stands for three-
phase fast AC and DC charging. In this paper only single phase level 2 charging
systems with nominal power of 3 kW are considered. Single-phase charger is chosen
in order to address the general impact of single-phase loading on the CUF and con-
sequently, on V UF . CUF minimization using three-phase chargers will be studied
in further research.

2.4. Charging interface

The charging interface connects the battery to grid through the charger and the
charging station. In the V2G context, PEV interface would have the capability to send
energy towards the grid. As stated by (Tuttle, Baldick, 2012), on one side both com-
ponents of the interface would have to be bidirectional, with maximum power ratings
limited by the maximum apparent power of the electric circuit. The charger, on the
other side, would have to have the capability of performing power-factor (PF) differ-
ent than 1 allowing several active and reactive power operation modes. As stated by
(Kisacikoglu et al., 2013), these operation modes would be capacitive charge, capaci-
tive discharge, inductive charge and inductive discharge. In terms of the PEV charging
current and its in-phase and quadrature components (xdj , xqj plane), these modes are
illustrated by the Fig.6, where the j-th PEV with V2G capability would be able to
operate at any current set-point (magnitude and phase regarding the neutral to phase
voltage) only limited by the magnitude of the maximum current allowed by the elec-
tric circuit (IMAXPEV

in Fig.6). For an installation level 2, the IMAXPEV
selected is

16 A. Thus, for the CUF minimization, any operation set-point for the j-th PEV must
be inside the circular boundary with radius IMAXPEV

. PEVs limited to only-charging
mode are included in the operation region illustrated in Fig.6. Therefore these PEVs
can participate in the minimization strategy proposed in this paper without any ad-
justments. Only bidirectional chargers are considered in this paper in order to take
advantage of the future family of PEVs chargers.

2.5. State-of-charge model

The state-of-charge (SOC) model adopted is given by eq.(8) whereQ0 is the nom-
inal capacity of the battery, PBatt is the power at which the battery is charged and ∆T
is charging time window of interest.

SOC (tk) = SOC (tk −∆T ) +
1

Q0

∫ ∆T

0

PBatt (τ) dτ

with ∆T = tk − tk−1 (8)
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xqj

xdj

Capacitive
charging
operation

Capacitive
discharging
operation

Inductive
charging
operation

Inductive
discharging
operation

IMAXPEV

Figure 6. Available currents operation region (xdj ,xqj plane) for the charging
electric circuit limited by IMAXPEV

Assuming an efficiency of the charger η equal to 0.9 and that the average charging
power used from the grid over a period ∆T is PGrid, eq.(8) becomes:

SOC (tk) = SOC (tk−1) +
η

Q0
PGrid ·∆T (9)

The deterioration of the nominal capacity of the battery will not be taken into
account in this paper, nevertheless the SOC has to respect the following constraint:

30% < SOC < 100%

3. CUF minimization

The CUF minimization at a CCP is carried out by selecting an optimal set of in-
phase and quadrature currents for all the EVs connected to the CCP that minimize the
CUF. Each couple xdj ,xqj (j-th EV) has to be below IMAXPEV

and the SOC at the
departure time has to be enough for EV usage. The optimization problem is stated
in eq.(10). The objective function, the constraints and the optimization method are
explained in the paragraphs below.
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minx∈<2·N f (x)

s.t. (10)

x2
dj + x2

qj ≤ |IMAXPEV
|2

SOCMIN < PGridj (tk) ·∆T + SOCj (tk−1) < SOCMAX

Xmindj
(tk) < xdj ≤ |IMAXPEV

|
∀ j = 1, 2, . . . , N

3.1. Objective function

The objective function f is the CUF function formulated before in eq.(7). The
argument, x, is the set of in-phase and quadrature currents of the N PEVs connected
at an instant tk:

x =
[
xd1 , xd2 , . . . , xdj , . . . , xdN , xq1 , xq2 , . . . , xqj , . . . , xqN

]
Thus, f is a scalar, convex and non-linear function with input argument in the

domain of R2·N . Active-set algorithm was chosen to optimally solve the optimization
problem, a sequential quadratic programming method allowing linear and non-linear
constraints (Gill et al., 1981).

3.2. Constraints

The first constraint in eq.(10) is related to the maximum ratings allowed by the
charging station. In other words, this constraint restrict the values of the in-phase and
quadrature currents of the j-th PEV to be inside the circle of radius ||IMAXPEV

| as
illustrated in Fig.6.

The second constraint limits the in-phase current low boundary to variate the
charging and discharging rates of the battery (Mohamed et al., 2014). This constraint
reduce the space of possible in-phase currents values of each PEV in order to ensure
maximum SOC at the departure time by avoiding discharges or low charging rates, at
a time tk, if the PEV has a high priority to charge.

3.3. Charging priority constraint

An important part of the real-time CUF minimization strategy is the constraint on
the in-phase current depending on the charging priority of the j-th PEV. This priority at
a time tk is defined as high if the PEV does not have enough time to charge the battery,
at a minimum charging rate, up to a satisfactory SOC for the daily usage otherwise
the priority is low. Enough time is considered as a charging time, T jcharge, bigger
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than 95% of the remaining time, Tremaining. The priority is formulated in eq.(11).
Charging priority parameter has been chosen as 95% because, after many trials (not
shown in this paper) it gives the best compromise between a high CUF minimization
and a considerably low amount of PEVs with SOC below 0.9 at the departure time.

Priorityj (tk) =

{
High : T jcharge/Tremaining > 0.95

Low : T jcharge/Tremaining ≤ 0.95
(11)

The charging time, T jcharge, is defined in eq.(12) where SOCFINAL is the desired
SOC at the departure time, SOC (tk) is the SOC before the depart at the present
time tk, C0 is the nominal capacity of the battery and PMIN

Gridj
is the minimum charging

power allowed for operation when the PEV has high charging priority.

T jcharge = (SOCFINAL − SOC (tk))
C0j

PMIN
Gridj

(12)

Fig.7 illustrates the algorithm to restrict the available currents operation region at
tk based on the priority assessed. According to the algorithm, if the j-th PEV has
a high priority to recharge the lower boundary on the in-phase current, Xmindj

(tk),
is limited to a minimum charging rate; otherwise if there is not a priority, the min-
imization solver is allowed to use all the operation plane (Xmindj

(tk) = −16A).
The minimum charging rate that ensures more than 95% of the times that any PEV
is satisfactory charged without significantly affecting the minimization performance,
corresponds toXmindj

(tk) equals to 4 A. This value was empirically assessed. There-
fore in eq.(12), PMIN

Gridj
is equal to 920 W (4 A * 230 V).

High

Charging priority
assesment for the

PEV j at tk

Charging priority
level?

xqj

xdj

16A

16A

xqj

xdj

Xmindj (tk) = 4AXmindj (tk) = −16A

4A

−16A

Low

Figure 7. Algorithm to define the currents operation region (xdj ,xqj plane)
for the charging installation as a function of the charging priority

4. Real-time CUF minimization strategy

To test the efficiency of the CUF minimization, a Low Voltage Network environ-
ment is proposed. To simplify the computational cost, householders and PEVs power
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profiles are discretized into a time interval of 10 minutes. Therefore, the CUF (on the
10 minutes basis) is calculated at the time-interval (tk) with constant values (during
the corresponding time-interval) of the currents of the householder and PEVs con-
nected at each CCP. Thus, the CUF at each CCP would be a value refreshed every 10
minutes and the idea of the real-time strategy is to minimize this value at each time
interval for each CCP.

Hence, the CUF from the last time-interval is the solver’s initial point and the
solvers optimal solution, x∗ (tk), would be the in-phase and quadrature optimal cur-
rents of each PEV for the present time-interval. Moreover, at every time interval, the
dimension of the objective function changes due, firstly to disconnection or connection
of PEVs and secondly to the change on the householders consumption. Thus, another
reason of a real-time strategy is to adapt the optimization problem to the changing
nature of the parameters. The Real-time CUF minimization (RTCM) strategy is illus-
trated in the Fig.8.

Number of
PEVs

connected to
the CCP: N

Verification of
the number of
variables: 2 ·N

Assessment of
constants K1,
K2, K3 and K4.

Verification of
the initial
condition

Variables at the
moment tk:

x (tk)Evaluation of
the charging

priority of the
PEV j

SOCj (tk)

COj

Modification of
the operation
region (xdj,xqj

plane)

Selection of an
PEV j

Minimisation of
the function

f (x) using the
Active Set

method

Optimal
Solution: x∗
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the active and
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set-points for all
the PEVs

Simple phase
Voltage at the

connection
points

Waiting for the
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time. END
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END

Figure 8. Flow diagram describing the Real-time minimization strategy

The strategy follows several stages:

1. It starts at the time interval tk
2. The number N of PEVs connected to a CCP is verified in order to establish the

number of variables available for the CUF minimization. The number of variables is
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two times N because each PEV contribute with two control variable. If there is no
PEVs connected to the CCP the algorithm stops.

3. Once the number of variables is determined, the charging priority is evaluated
for each PEV as explained on the previous section:

a) To evaluate the charging priority, each PEV should provide information on
the SOC at tk and its maximum capacity, C0j

.
b) The operation region is modified based on the charging priority, ensuring

maximum charge for each PEV at the departure time.
4. After defining the charging priority for all the PEVs, constantsK1, K2, K3 and

K4 are assessed using information available on the consumption of the householders
connected to the CCP at tk.

5. The set of currents of the PEVs at tk − 1, x (tk − 1), is verified in order to
establish the initial condition

6. Active-set algorithm is launched over the conditions established by the previous
stages. The set of in-phase and quadrature currents, x∗, that minimize the CUF at the
time interval tk is the optimal solution.

7. The active and reactive powers set-points for each PEV are assessed using x∗

and the simple phase voltages at the connection points .
8. Finally the minimization system enters in stand by mode until the next sample

time.

To test this strategy, a simulation environment is proposed in the next section.

5. Simulation of a low voltage network

The simulation scenario is composed by a LV electric network connecting an
MV/LV Transformer to householder and PEV loads. The simulation scenario cov-
ers a window of time of one week with a time step of 10 minutes.

The electric network simulated is a low-voltage network composed by 96 houses
grouped in 18 CCPs connected to the MV network through a 400 kVA transformer.
The network’s electrical circuit as well as the transformer and the line characteristics
are presented in Appendix I.

The simulation process is illustrated by the scheme in Fig.9. The simulation starts
by setting the initial time conditions (Day 0 and minute 0). Then, the number of PEVs
per householder is chosen randomly as well as the battery capacity for each one of
them.

The simulation of the week is run day by day. In the initialization stage (for each
day) the arrival and the departure time, the initial State-of-Charge (SOC0) as well as
the householder’s daily load profile are chosen randomly based on the characteristics
described in the previous section. The charging power at the arrival time is set to 3
kW.
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Figure 9. Flow diagram describing the simulation process

Once the daily initial conditions are set, the simulation of the day is executed
on 10 minutes time basis. At every time interval, the RTCM strategy is applied to
minimize the CUF under the present time step conditions. Then, the optimal active
power set-points are used to re-assess the SOC of the battery of each PEV. After that,
the load-flow on the electric network is executed in order to calculate the voltages and
currents, as well as, the CUF and the VUF data. Finally, after completing a day, the
process is repeated day by day, until a week is simulated. In the following paragraphs,
the stochastic characteristics of householder’s and PEV’s profiles are described.
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5.1. Householders power profiles

The weekly consumption for each householder is randomly selected from a database
developed in (Turker, Bacha et al., 2012a) composed by over 2000 summer power
profiles. The active power varies between 0 kW and 9 kW while the reactive power
varies between 0 kVAr and 4 kVAr. Each weekly profile is composed by 1050 samples
each representing a 10 minutes duration. The values of the active and reactive powers
during each interval of time represents the average of the active and reactive powers
consumed by the load.

5.2. PEV power profiles parameters

The main characteristics of the PEV power profiles are the random number of
PEVs connected, the random connection times, the random disconnection times, the
random battery capacities, the charging power limited by the electric circuit and the
random SOC at the arrival time.

The number of PEVs per house holder has been chosen randomly following the
method proposed in (Duvall et al., 2011). The probability density function (PDF) for
the random selection takes into account the statistics of vehicles per householders in
a specific social scenario and the combinatorial PDF describing the probability that a
vehicle is a PEV as a function of the market penetration ratio. For the simulation 107
PEVs were distributed among the 96 householders following the statistics of number
of vehicles per house holder in France (Turker, Bacha et al., 2012b) and a market pen-
etration ratio of 100 % of PEVs. This market penetration level is a futuristic scenario,
in which all citizens with vehicles have PEVs exclusively. A lower market penetration
level will imply both less impact of the PEV fleet on the CUF and the V UF and, on
the other hand, a smaller capability of improving theCUF at the distribution network.

The random selection of the connection and the disconnection times is based on the
PDFs presented in (Duvall et al., 2011) and in (Turker, Hably et al., 2012) respectively.
The PDF for the connection times assumes that the PEVs are connected intermediately
after they arrive to their residences, and the most probable arrival times (more than
60% of them) are between 5 PM and 8 PM. In addition, the disconnection time is
identified as the time of the day where users are most probably (more than 70% of
the times) leaving their places. Approximately 70% of the PEV users leave their
residences between 5 AM and 8 AM.

For the random selection of the batteries capacities, C0, a random selection was
implemented for each one of the PEVs with a PDF based on the classification done
in (Turker, Bacha et al., 2012a). This classification takes into account the size of the
PEV and the all-electric-range (AER) of 3 types of PEVs (Including PHEVs). The
battery sizes vary between 5 kWh and 27 kWh.

For the charging power this will be determined by the real-time strategy and con-
sequently it will be limited by the electric circuit of a level 2 simple phase installation
as explained in section II.
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Finally the SOC at the arrival time, SOC0, would be selected for each PEV every
day of the week simulated, by a random selection based of 3 probable options: 70%
of the PEVs are expected to arrive with an SOC between 0.3 and 0.49; 20% of the
PEVs are expected to arrive with an SOC between 0.5 and 0.79 and 10% of the PEVs
are expected to arrive with an SOC between 0.8 and 1.

The influence of the parameters such as the market penetration ratio, the SOC0,
C0, the arrival, departure and disconnection times as well as their probability density
function parameters will be subject of future research.

6. Results and discussion

In total 1050 samples of each, CUF and VUF, were collected for each CCP, in other
words, 145 per day (10 minutes basis). Fig.10 and Fig.11 show CUF and VUF profiles
during a day of the data collected on the CCP No.9 for several scenarios. In the first
scenario, the LV network connects only householders. In the second scenario, the LV
network connects householders and PEVs but there is no RTCM strategy controlling
the PEVs connected. In the third scenario, the LV network connects householders and
PEVs and the RTCM strategy controls the PEV charge.

Figure 10. Daily CUF profile of the CPP number 9 connected to the LV electric
network: scenario 1) without PEVs; scenario 2) with PEVs without strategy;

scenario 3) with PEVs with the RT minimization strategy

Regarding the CUF profile on Fig. 10, it is possible to notice that the introduction
of the PEVs increases the CUF for the most of the time intervals. Moreover, in most
of the intervals, the RTCM strategy reduces the CUF, even below the CUF from the
scenario with no PEVs connected. Nevertheless, there are some intervals where the
strategy causes greater CUF than that one of the other scenarios. The reason for this is
that in the third scenario the charging priority constraint limits the space of solutions,
therefore optimal solutions that coincide with the no strategy scenarios might not be
reachable.

On Fig.11, the red dot-dash line illustrates the maximum value of VUF a CCP is
allowed to have according to the standard EN50160. The figure shows that the con-
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Figure 11. Daily VUF profile of the CPP number 9 connected of the LV electric
network. The three scenarios are illustrated

nection of the PEVs cause significant unbalance more noticeable at peak consumption
hours. It also shows how the implementation of the RTCM strategy improves the VUF
mesured at a CCP, in this case the CCP No. 9. In the Fig.11, the effect of the algorithm
is more noticeable during the evening when most of the PEVs would be more likely
connected to the CCP.

6.1. CUF Analysis

The Fig.12 illustrates the data collected on the CUF for the third scenario. Each
color represents one of the CCPs. The limit drawn by the black dashed line (CUF =
0.1) is used to define a current balance index, CBI. The CBI is the percentage of the
data below 0.1 taken into account all the CPPs of the network studied (Electrical,
departement, 2005). The CBI for the three scenarios is presented in Table 1.

Figure 12. Weekly CUF profile for the third scenario. Each color represents a CCP
connected to the LV network.

Comparing the CBI in Table 1 for each scenario, the RTCM strategy improves the
index by more than 20 points (absolute difference). Regarding the relative difference,



Real-time plug-in electric vehicle charging strategies 291

Table 1. Current balance Index (CBI) for the three scenarios studied

Scenario without
PEVs

PEVs with-
out strategy

PEVs with
RTCM
strategy

CBI (%) 5.96 5.39 47.28

the CBI achieved in the third scenario is more than 4 times the CBI obtained in the
first and second scenarios. In other words, the number of CUF samples below 0.1
increases four times by using the RTCM strategy.

6.2. VUF Analysis

Several network parameters affect the voltage unbalance at each CCP (Jayatunga
et al., 2012): the distance between the feeder and the CCP, the CUF generated by
the loads connected to the CCP and the voltage unbalance generated by other CCPs.
For this reason, firstly the impact of the RTCM strategy on the VUF is analyzed on a
specific CCP, in this case the CCP chosen is the No. 9.

The VUF samples over the week on the CCP No. 9, are illustrated in the Fig.13. To
compare the different scenarios, a voltage unbalance index, VUI, is used. The VUI is
the percentage of the data below 0.02 (the black dashed line in the illustration). Thus
a CCP is balanced if the VUI is over 95% according to the definition of the standard
EN 50160. The VUI for the three scenarios is presented in Table 2.

Figure 13. Weekly VUF profile for the CCP No. 9 collected from the third scenario

Table 2. Voltage Unbalance Index (VUI) for the three scenarios studied

Scenario without
PEVs

PEVs with-
out strategy

PEVs with
RTCM
strategy

VUI (%) 92.22 77.63 96.06
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According to the VUI in Table 2 for each scenario, the RTCM strategy improves
the VUI by more than 17 points (absolute difference) regarding the second scenario
and by approximately 3 points regarding the first scenario. In other words, the number
of VUF samples below 0.02 increases by using the RTCM strategy. More importantly,
the CCP No.9 , unbalanced in the scenario without PEVs, has been balanced thanks
to the action of the PEVs connected and controlled by the RTCM strategy.

Figure 14. VUI at CPP No. 9, No. 7, No. 17 and No. 3 for the three scenarios
considered

In order to illustrate the dependance of the RTCM on the CCP characteristics for
each one of the scenarios, the VUI is assessed for 3 different CCPs. Fig.14 presents
the VUI values per scenario measured on the CCP No.9, No.7, No.17 and No.3. As
shown on the figure, the VUI at the CPP No. 9 represents the worst case scenario
among the CCPs. In addition, for some of the CPPs, like the No. 3, the VUI is not
deteriorated by the introduction of the PEVs. On the other hand, the VUI is improved
by the RTCM strategy for the CCPs No. 7 and No. 17, being the higher improvement
on the CCP No. 9. A detailed analysis of the VUI as a function of the characteristics
of the system goes out of the scope of this paper.

6.3. Charging constraints analysis

To evaluate how well the RTCM strategy preserves a high SOC at the departure
time, the third scenario has been simulated firstly without the charging priority con-
straint and, secondly taking it into account. To compare both situations, a satisfactory
SOC has been supposed to be bigger than 0.9. Therefore, if a PEV has a SOC less
than 0.9 at its departure time, this PEV is said to have unfulfilled its energy needs for
the day.

Fig.15 presents the frequency density of the SOC samples at the departure time
for the scenario using the RTCM strategy taking into account the charging priority
constraint. Each red bar in the figure represents the percentage of data per classifica-
tion interval. It can be seen that approximately 80 % of the SOC samples are located
between 1 and 0.98 and approximately 3.69 % are below 0.9 (inside the doted square).
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In other words, in less than 4% of the departure events, the PEVs had an unsatisfactory
SOC.

Figure 15. Frequency density of the SOC samples at the departure time. PEVs take
part of the RTCM strategy with the charging priority constraint

Fig.16 presents the frequency density of the SOC samples at the departure time
for the scenario using the RTCM strategy without the charging priority constraint.
Approximately in 27% of the departure events the SOC is below 0.9. In other words,
in more than 27% of the departure events, the PEVs had an unsatisfactory SOC.

Figure 16. Frequency density of the SOC samples at the departure time. PEVs take
part of the RTCM strategy wihtout the charging priority constraint

Table 3 summarizes the percentage of unsatisfactory departure events for three
different simulation conditions: First the PEVs charge without strategy, second the
PEVs participate in the strategy taking into account the charging priority constraint
and third the PEVs participate in the strategy without the charging priority constraint.
As the percentages show, the constraint reduces unsatisfactory depart events at almost
the same level of the scenario of the PEVs charging without strategy.
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Table 3. Percentage of unsatisfactory departure events for different simulation
conditions

Simulation
condi-
tions

without
strategy

strategy
with
charging
con-
straint

strategy
without
charging
con-
straint

Events
(%)

2.91 3.27 27.45

6.4. Active and reactive power set-points

Fig.17 illustrates the frequency density of active (P) and reactive (Q) power set-
points given the RTCM strategy. Over 15.205 of set-point samples are located on a
[P,Q] plane where the maximum charging power constraint (16A·230V ) is represented
by the doted circumference. From this representation it is possible to conclude firstly
that active-power production set-points are less frequent than active-power consump-
tion set-points. This characteristic is a consequence of the charging priority constraint
that is located on the figure by the high density vertical line. The remaining set-points
are distributed rather homogeneously.

Figure 17. Frequency density of active and reactive power set-points . Towards the
red high set-points density. Classification surface := 50 W x 50 VAr

7. Conclusions and future work

A real-time current unbalance factor minimization strategy has been proposed.
Current unbalance factor measured at a common connection point has been modeled
as a function of the local PEV in-phase and quadrature currents. This model in addi-
tion to maximum ratings and charging priority constraints have been used to formulate
a minimization problem. Then a real-time minimization strategy has been proposed to
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adapt the optimization problem every time step to the changing number of PEVs con-
nected and householder consumption. Furthermore a simulation case study has been
proposed to test the strategy for CCP with different characteristics. The positive im-
pact of the strategy on the current and voltage unbalance factors was studied and it has
been shown through data analysis that an improvement on the unbalance conditions is
attainable by the RTCM strategy.

As further work, several challenges should be addressed. The voltage unbalance
effects on the CUF assessment have to be included in the objective function in order
to improve the minimization outcome. Additionally, the voltage unbalance factor has
to be characterized in terms of CCP and grid characteristics. This would allow to for-
mulated an optimization problem for the voltage unbalance. In addition, a sensitivity
analysis on the simulation parameters must be considered, given that this parameters
will vary considerable depending on the social and technological context of the dis-
tribution network chosen. Furthermore, Three-phase chargers should be considered
in the optimization problem taking into account the growing number of three-phase
charging stations installed among PEV residential owners. Moreover, the profit for
both actors, PEV owners and the grid has to be assessed in order to quantify the ben-
efit of this new V2G service. Finally, the positive impact of CUF minimization on the
sustainability of the power system (Distribution Network) should be assessed. This
Assessment could open new research opportunities on the participation of PEVs and
end-users in the improvement of the power quality.
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Appendix

LV network

The electrical circuit of the LV network used for simulation is presented in Fig.18.
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Figure 18. Network’s electrical circuit

Table 4, lists the parameters of the MV/LV transformer model used for the simu-
lations in this paper. In the Table 5, the line parameters of the LV network used for
the simulations in this paper are presented. The conductor used is an underground
aluminum type 3.
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Table 4. MV/LV transformer parameters

Table 5. Line parameters of the LV network


